Abstract-Traditional railway signalling and control systems have been based on fixed block train separation and lineside signals to control the movement of trains and to avoid collisions. This has historically led to a segregation of the functionalities of sub-systems such as signalling, rolling stock and control centres, with the development and delivery of each subsystem being developed and delivered with a very narrow, sequential and design-based approach that relies on a very sequential approach based on previous designs and technology..
INTRODUCTION
Traditional railway control and signalling systems have relied on fixed block train separation and lineside signals to control the movement of trains and to minimise the risk of collision thereby. This has historically led to a segregation of the functionalities and the development of separate subsystems such as signalling, rolling stock and control centres..
Recent developments in Radio-Based Train Control (RBTC) including the European Rail Traffic Management System (ERTMS) for mainline and Communications Based
Train Control (CBTC) for metro applications have resulted in more complex systems with greater sub-system interactions as movement authorities are transmitted over a wireless communications channel between infrastructure and the train. This has led to a requirement for a more systems engineering based approach to the development and deployment of these integrated systems.
The railway industry has at times struggled to embrace systems engineering, as it is perceived to run against the safetyfocused design approach that rightfully enjoys a high status within the industry. Many engineers in the industry who have been brought up with the traditional design approach also struggle to relate the new systems to the traditional principles that they are used to apply. With the change to these systems also comes a change in the way in which the industry must develop and deliver what were traditionally 'signaling' projects and are now railway control solutions.
The industry must move away from what has traditionally been a very process-driven design approach to a systematic one that delivers functionality across a series of sub-systems. The author of this paper offers a systematic approach to train control system development, based on a simple functional model that can be applied to all types of railway control systems. The author has adopted the term 'railway control system' (RCS) purposely to capture the wide range of tasks that today's electronic systems encompass, from monitoring and managing track-side infrastructure to taking charge of onboard safety functions.
In the UK, Network Rail's current initiatives for major railway control systems of the future include three major programmes (see Figure 1 ):
• Traffic Management System (TMS)
• European Train Control System (ETCS)
• Driver Advisory System (DAS)
These programmes are almost run in isolation from each other, even though there are clear links between all three:
• Both ETCS and DAS are providing a Driver Machine Interface (DMI). Do we really need two?
• ETCS must interface to the route setting functionality of the TMS in order to receive its movement authority.
• DAS must interface to real-time timetabling function of the TMS in order to provide the driver with up-todate and optimized information for driving.
There is a risk that the separate programmes duplicate effort to produce the same outputs or, even worse, conflicting instructions across multiple interfaces: It is therefore vital that we should view the complete Railway Control and Safety entity as a system and that we develop a framework that can be understood by all members of the industry so that everyone knows where their respective responsibilities begin and end. The author suggests that there are three key aspects to successful project development and delivery; see It is only when all three of these aspects or components are developed and aligned correctly that a project can be developed and delivered successfully: In the remainder of this section we will discuss the process required to develop and deliver RCS systems. In the subsequent sections we will look into how a System is developed and what process is required for the People to deliver it. A number of systems engineering models have been developed to manage the development and delivery of systems from Acquisition to Utilisation. The most popular is the v-model, which was originally developed for software systems projects but has been adapted over time for complex multi-disciplinary systems projects [2] , including RCS systems.
Although the v-model is now being used extensively throughout the mainline and metro railway industry for both the development and deployment of RCS there is considerable confusion as to how it should be applied most appropriately [3] . One of the issues is that there is no single 'standard' v-model for all types of systems. Bruegge & Dutoit [4] state that the original v-model was developed for Software Engineering from the waterfall model to incorporate feedback and ensure that defined requirements were met by software code. As mentioned, this model is now being utilised widely for most forms of product development. Blanchard & Fabrycky [2] show how this model has been developed by INCOSE to manage the requirements of large complex systems, such as aerospace projects and industrial control systems. This is further complicated by a lack of understanding within the industry of the difference between Generic Systems and Specific Applications.
A. Generic System
Suppliers of RCS technology tend to develop Generic Systems based on global market requirements identified within the industry. This enables them to develop flexible systems that can be sold to different local markets throughout the world. [5] To develop these systems they tend to follow a v-model very similar to the adapted waterfall model utilised for product development, as shown in The supplier will identify common requirements of railways throughout the world and then use these to develop a system platform that will be made up of various subsystems that will in turn be made up of hardware & software components. They will then develop an integrated system to take to market.
B. Specific Application
Railway operators will generally have identified business needs for an RSC system and develop a Concept of Operations before going to market to identify a system that will meet these needs. [5] They will then follow the v-model of Figure 6 that is akin to the INCOSE version of the v-cycle developed for the creation of complex system: The operator will contract the supplier to deliver a system satisfies the concept of operations that it has developed. The supplier will then determine the functional requirements to be satisfied by their generic system in order to deliver the operator's needs, including specifics such as the geographic layout of the line and particulars of station interfaces. These will inevitably lead to modifications to their sub-systems. They will then need to design the implementation of the system (scheme layout, etc.) which will in turn be simulated and factory tested to prove the concept, before being installed and tested on site to be accepted for operation by the operator.
C. RCS System W-Model
The development of the Generic System and of the Specific Application each tell half the story of the overall RCS system development. What is needed is a 'W-model' that shows all the stages of the development processes for generic systems and their use in specific applications and which entity is responsible for each. As part of this research, such a diagram has been developed and is reproduced in As can be seen, the supplier will develop their generic system based on the requirements of the wider industry.
When an operator identifies business needs for an RCS system they will then produce a Concept of Operations [1] that defines how the new system will function and describes the key human-machine interactions that will take place, both in terms of operations and maintenance.
The Operator or its representative will then produce an output-specified Invitation To Tender (ITT) that will go out to suppliers to provide a system that meets the requirements. The suppliers will bid for this work by proposing a system based on the generic systems that they developed to satisfy the broader market requirements.
The operator will choose the system most appropriate to their needs and then contract the relevant supplier to deliver this system to their specific requirements.
Once the system has been accepted for operation it will then enter the utilisation phase of Operations & Maintenance until the business needs require a new RCS system. Historically, signalling systems design has been focused exclusively on the safe separation of trains utilising fixed blocks and lineside signals using (mainly) coloured lights.
In recent years, the scope of signalling projects has increased to include Traffic Management Systems to enable more efficient train routing and Train Protection systems to prevent trains exceeding their movement authority.
These systems require a much greater diversity of technology that is distributed over multiple locations, with a significant portion now being moved from the infrastructure onto the train. It is therefore essential to have a clear understanding of the complete 'Railway Control System' and understand what parts of the system are responsible for particular aspects of the functionality.
Like any systems engineering project, we must start with the fundamental requirements, deriving them through a topdown approach. It can be said that there are three fundamental requirements to any train control system: A. Ensure safe running of trains; B. Route trains around the network efficiently; C. Allow each train to run at its optimal performance These requirements can be mapped onto normal working operations for conventional signalling where:
1. The Signaler requests a route from the Control System; 2. The Control System requests to the componemts of the route from the Interlocking System; 3. The Interlocking System determines that the route can be set safely;
4. The Interlocking System sets and locks the route;
5. The Interlocking Systems transmits the permitted movement authority to the Train by setting the appropriate signal indications for the route that has been secured for the train;.
6. The Driver will interpret these signals to drive their individual train safely and efficiently.
The relationships are shown in Figure 8 : If we also consider that there can be reverse information flow between the sub-systems and that there is a direct (voice) communication between the operators, we can extrapolate a more generic model where we can see the subsystems as functional layers (as opposed to physical subsystems), as shown in Figure 9 : As can be seen from section 3, one of the complexities of RCS is that that they actually a system that is itself made up of other systems, this is often referred to as a system of systems [1] . An important aspect of the delivery of any complex system of systems such as RCS is the structure of the delivery process.
A. Current Project Delivery Structures
Although there are many variations of delivery structure employed throughout the railway industry, they broadly fall into two main types, Project Management led and Engineering Management led.
Project Management Led Delivery
In a project management led structure, such as that of Figure 13 , there is usually a single Project Manager responsible for both the System Engineering (sometime called Project Engineering) and Design Engineering functions. The Systems Engineers are responsible for technical compliance against standards whilst Design Engineers develop the scheme layouts and specific application data: This approach has the advantages that it has a simple structure and is very focussed on the delivery of the project, ensuring that delivery targets are met and that the project is kept within budget.
However it has several disadvantages. Firstly there can be a lack of technical direction that can lead to the system being delivered being unreliable or not meeting requirements. Also as there is such a strong focus on delivery, technical quality can be sacrificed for resulting in poor performance of the delivered system. The capture and control of requirements is also very difficult using this model as the systems engineers have no authority over the design engineers and hence control of the flow of requirements from their fundamentals to design requirements.
Engineering Management Led
In an engineering management led structure, there are two management roles that report to the Project Director, a Project Manager and an Engineering Manager, as shown in Figure 14 . Such an arrangement is described in Hollywell, 2014and has been adopted by many organisations.
The Project Manager still retains responsibility for the delivery and budget of the project but the Engineering Manager takes responsibility for the technical quality of the project and the delivery of the system architecture: Fig. 14. An engineering management-led structure This approach has the advantages that it is more focussed on technical quality and enables better requirements capture as there is more of a balance between delivering the project and ensuring the system's technical quality and compliance.
However it also has disadvantages: Keeping control of the requirements can still be difficult, as the system engineers still do not have direct authority over the design engineers. This model can also suffer quite badly from scope creep if the design engineers are not kept in check and engage directly with the end users to add more and more features. There is also a risk of cost and programme overruns as the solution might become over engineered.
B. Proposed System-Centric Structure
We should approach the creation of the project team structure that we require to deliver an RCS system in the same way that we develop the RCS system itself, by first defining the fundamental requirements of the structure. In terms of a system like this there are three fundamental requirements that must be maintained by the team: The key is how interactions between these activities are managed. As shown in Figure 15 , the author proposes that there should be three managers who report to the Project Director:
Project Manager 2. Systems Engineering Manager 3. Design Authority Manager
The Project Manager and their team would be responsible for keeping the project to time and budget. The Systems Engineering Manager and their team would be responsible for gathering all end-user requirements and developing the system requirements and architecture.
The Design Authority Manager and their team would be responsible for the design of the layout and the specific application data, ensuring that the system designed is not only fit for purpose but also fundamentally safe.
There should be a two-way interaction between the Project Manager and Systems Engineering Manager; the latter should act as a 'technical translator' to the Project Manager on the material issues of the system. The System Engineering team should also be the only team that engages with the end-user(s) to identify their requirements. It is also the responsibility of the Systems Engineering team to maintain a database of all requirements and to disseminate them as appropriate to the Design team.
The Design Authority Manager and their team must design the system to ensure that it is safe as well as meet all technical requirements which should in turn be checked by the Systems Engineering team to ensure that all requirements are met. 
